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ABSTRACT
The absorption of infrared radiation, by free carriers
in germanium, has been used to amplitude modulate infrared
radiation.

In the experiment, a space charge layer con

sisting of free carriers is established at the inner surface
of a germanium sample by using the field-effect technique.
Infrared radiation of a wavelength to which the germanium is
transparent is then Internally reflected from this surface.
The infrared radiation passes twice through the space charge
layer for each internal reflection.

With each pass through

the space charge layer, the amplitude of the transmitted in
frared is decreased.

Amplitude modulation of the trans

mitted infrared is accomplished by varying the density of
the free carriers in the space charge layer.
The observed infrared modulation followed the fieldeffect theory very well for frequencies below 1,000 cps.

As

the frequency was increased beyond 1,000 cps, a decreasing
magnitude and a lagging phase shift characterized the modu
lated infrared signal.

Modulation of the infrared radiation

was not observed for frequencies above 10,000 cps.

However,

with modification of the equipment, it is felt that the
frequency could be extended to at least 108 cps.
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CHAPTER I
INTRODUCTION
The design and development of communication systems
have progressed very rapidly within the last few years.
With the advent of the laser came the possibility of light
communications with seemingly unlimited frequency capabili
ties.

A concentrated effort is being made by many re-

searchers

1 ’2to develop a communication system having band-

widths of thousands of megacycles using light as a carrier.
The use of light as a carrier has brought about the need for
many new and exciting devices, one of which is a wideband
laser modulator.
Various methods are available for modulating light, all
of which have one or more serious limitations.

Mechanical

modulators are limited in frequency response because of the
inertia of the moving parts.

Optical modulators limit the

spectral content of the transmitted radiation.

The modu

lating devices that appear to be the most promising are those
devices whose optical properties can be varied electrically.
An interest in both the areas of communications and
solid-state devices has led the author to a study of the
solid-state light modulator.

The purpose of this study was

to investigate the possibility of using the field-effect
properties of germanium to modulate infrared radiation.
infrared solid-state modulator was built and tested to
verify some of the theory presented.
1. All references are listed in the bibliography.

An

2

CHAPTER II
REVIEW OF THE LITERATURE
Modulation of infrared energy can be accomplished by a
variety of methods.

Most of the earlier methods used m e 

chanical type choppers, such as vibrating reeds or rotating
blades.

These methods are fine for low frequency operation,

but are pf very little use in high frequency communication
systems.

The past decade has seen the emphasis shift from

mechanical to electrical modulators.
There are two types of electrical modulators.

The

first type modulates the input energy t o sin infrared source.
The gallium-arsenide diode laser, which uses this type modu
lation, has been developed within the past six months.
The second type of electrical modulator is an electro
optic type.

The electro-optic type modulator interrupts the

radiation being trsuismitted from a const suit infrared source.
This modulator is placed directly in the path of the radi
ation.

Then by electrically changing the optical properties

of the modulator, the radiation trsuismitted through it is
altered.

The electro-optic type modulators, because of

their frequency capabilities, are the most promising suid
have received considerable attention in the past few years.
The bringing together of the concepts of solid-state
physics and infrared communications has resulted in a new
if
technique for electro-optic modulators . The optical proper
ties of semiconductor materials can be varied by changing

3

the free carrier concentration within the semiconductor.

By

passing infrared radiation through the semiconductor, it
will be changed in intensity proportional to the number of

5

free carriers in the semiconductor .

Krause and McGlanchlin

t

have designed an infrared communication system, using a p-n
junction germanium modulator.

This type germanium modulator

works well except for frequency response.

The frequency

response is limited by the free carrier life t i m e T , and the
infrared radiation cannot be modulated at frequencies above
I/t *.

In an attempt to overcome this frequency limitation,

7

Dr. Seraphin has used a new technique for the germanium
modulator.

The author worked with Dr. Seraphin doing re

search on the germanium modulator.
Dr. Seraphin has combined the field-effect experiment
with the theory of infrared absorption by free carriers.
The field-effect experiment is the observation of a change
in the surface conductance of a semiconductor by varying the
o
free carrier density at the surface . Surface properties of
semiconductors have been under investigation for several
o
years. Kingston', in his paper on germanium surface phe
nomena, has a bibliography listing some 100 papers pertain
ing to semiconductor surface properties.

Montgornery1°has

observed surface conductivity changes in germanium up to
frequencies of 50 megacycles.
The absorption of infrared radiation associated with
the presence of free carriers in germanium has been studied
c
by many.
For example, Briggs and Fletcher"nave reported a

If

direct proportionality between infrared absorption and free
carrier concentration, and Harrick

12

has used free carrier

absorption in a space charge region to study surface proper
ties of semiconductors.

5

CHAPTER III
THE FIELD-EFFECT EXPERIMENT
A.

DEFINITION OF THE FIELD-EFFECT EXPERIMENT
The field-effect experiment is the observation of a

change in conductance of a semiconductor material by chang
ing the gas ambient surrounding the material or applying an
electric field normal to the surface of the material.

Un

successful attempts to observe the field-effect phenomenon
in metals were made by experimenters in the early 1900's.
With the advent of the semiconductor, interest was renewed
in the field-effect experiment.

This renewed interest was

brought about due to the low free-carrier concentration in
semiconductors as compared to metals.

20

are approximately 10

For example, there

free electrons per cubic meter in

20

copper as compared to only 10

free electrons and holes in

.1 (ohm-cm) ^germanium.
The field-effect experiment is performed by making a
thin slice of germanium one plate of a parallel plate capaci
tor as shown in Figure la.

B y passing a current through the

germanium, and measuring the corresponding voltage drop, the
the conductance of the germanium can be determined.

The

conductance of the germanium is considered to be composed of
a surface conductance Gg in parallel with the bulk conduc
tance

as shown in Figure lb.
The bulk conductance G^ depends upon the free-carrier

concentration in the bulk of the material, which in turn is

6

determined by the impurity concentration and temperature.
The surface conductance Gs depends upon the free carrier
concentration at the surface.

The free carrier concentra

tion at the surface, however, can be varied by the appli
cation of a voltage across the plates of the capacitor as
shown in Figure la.

The surface conductance is normally

smaller than the bulk conductance, therefore the germanium
sample is made very thin in order to reduce the bulk conduc
tance so that the two conductances will be of comparable
magnitude.

By making the sample very thin and by varying

the surface conductance, a change in the total conductance
can be observed.

_ 1_
— Ef

^Field

f

Germanium

Ohmic contact

/

-I'k
(a)
*s

lb
GiL
(b)
FIGURE 1. a) Basic circuit for field-effect experiment
b) Conductance model

7

The first observation of a change in the conductance of
a semiconductor (using the field-effect technique) was re-

12

ported by Shockley and Pearson in 19V 7

•

The observed

change in conductance of the semiconductor, however, was not
as great as was predicted in theory by Shockley.

Bardeen1 "^,

who was investigating surface properties of germanium at
that time, suggested that not all of the carriers being at
tracted to the surface were available as free carriers.
Bardeen theorized that some of the carriers were being cap
tured by traps on the surface and not contributing to the
conductance.

Since that time, many experiments have been

performed that have confirmed Bardeen's original trapping
theory.
It is now a well established fact that there are two
surface trapping phenomena.

One, referred to as the slow

states, exhibits relaxation or capture times in the order of
a second or greater.

The second trapping phenomenon is r e 

ferred to as the fast states, having relaxation times in the
order of a micro-second or less.

Both the fast and slow

states have energies that lie in the forbidden region or
forbidden energy gap of the semiconductor.

This can be

illustrated with the use of energy level diagrams.

B.

ENERGY LEVEL DIAGRAMS
The energy level diagrams of solid materials represent

the permissive energy levels for electrons in the outer
shells of the atom.

For pure semiconductor material there

are two permissive energy bands for electrons in the outer

8

shells.

The electrons in the outer-most shell are said to

be in the conduction band.

Separated from this conduction

band by a specific amount of energy, and at a lower energy
level, is the valence band.

Separating the conduction band

and the valence band is a region called the forbidden band
where an electron cannot exist for a pure semiconductor m a 
terial.

The various energy bands are usually represented as

shown in Figure 2.

Conduction Band

Forbidden Band

Valence Band

FIGURE 2. Energy level diagrams
1. Fermi level

In order to have a reference energy

level to which all electron energies may be compared, the
Fermi level has been defined.

The Fermi level is a sta

tistical and not a physical energy level which has proven
very useful in comparing energy levels.

The Fermi level is

that energy level where there is a 50 per cent probability
of electron occupancy.

For example, take the energy level

diagram for the intrinsic germanium shown in Figure 3.

Ec

and Ey are the energies at the bottom of the conduction band
and at the top of the valence band respectively.

The dashed

9

line represents the Fermi level energy E^..

At room temper

ature there are the same number of electrons in the conduc
tion band as holes in the valence band.

Thus, from the

definition, the Fermi level will be located half way between
the valence and conduction bands.

Electrons

hfl
©
G
W

u

-h

+

Ec

Bottom of
Conduction Band

Ef

Fermi Level

E

Top of
Valence Band

v

+

Holes

FIGURE 3 . Intrinsic germanium showing the Fermi level
Now, suppose that acceptor type impurities are added t<
the intrinsic semiconductor.

Acceptor impurties have energ:

levels just above the valence band of germanium as shown in
Figure

Acceptor impurities are able to accept electrons
Electrons

%

>»
w>

u
©

G

W

©

0

0

©

-I- + + t + t t +

Acceptor Impurities

+

Holes

FIGURE

Energy level diagram for acceptor type impurities
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from the valence band, creating more holes in the valence
band.

Since now there are more holes in the valence band

than electrons in the conduction band, the Fermi level must
be lowered.

If donor impurities had been added, the Fermi

level would have been raised towards the conduction band.
In most cases, the Fermi level is the reference level
and is held fixed while the valence and conduction bands are
moved, or bent, to compensate for an increasing number of
holes or electrons.
C.

SURFACE PROPERTIES
In addition to the energy levels in the bulk of the

semiconductor material a distribution of energy levels at
the surface is assumed to exist.

Under normal conditions,

the germanium surface will have a surface oxide layer formed
Q
in the order of 10 to 50 angstroms thick . Such a surface
is shown in Figure 5.

The traps or surface states referred

to above exist either in or on the oxide layer.1

FIGURE 5- Surface model for intrinsic germanium
1. Slow surface states

The slow surface states are

11

thought to exist either in the oxide layer or on the outer
surface of the oxide layer as shown in Figure
squares.

5 by

the small

The density of the slow surface states is deter

mined by the oxide layer condition and is generally greater
13
2 9
than 10
per cm
. The slow surface states are responsible
for the density and type of charge at the surface of the
germanium.
2. Fast surface states

The fast surface states exist

between the germanium and the oxide layer as shown in Figure

5 by

the small circles.

The density of the fast surface

states is in the order of 10

11

per cm

by the germanium surface treatment.

2

and can be controlled

That is, to increase

the number of fast states the surface could be sand blasted.
To decrease the number of fast states the surface could be
mechanically and then chemically polished.

The fast surface

states are chiefly involved in the surface recombination
process and their density determines the surface recombilUnation velocity, v s . The surface recombination velocity
is given as v s= J / A p , where J is the recombination current
per unit time and A p is the excess minority carrier density
17
at the surface . Surface recombination velocities vary
from 10

5 cm/sec

2

for sand blasted surfaces to 10

cm/sec for

chemically polished surfaces.
Due to their location with respect to the valence and
conduction bands, the fast surface states can "communicate"
with these bands with shorter relaxation or capture times
than can the slow surface states.

Relaxation times are in

12

the order of a second or longer for the slow states and a
micro second or less for the fast states.
3.

P-type and n-type surfaces

Since the slow surface

states are chiefly responsible for determining the density
and type of charge at the surface, the fast surface states
will be neglected for the present discussion.

The fast

surface states will be discussed in connection with the high
frequency relaxation processes.
If the germanium oxide layer is exposed to various gas
ambients some of the gas ions will be absorbed by the slow
surface states in and on the oxide layer.

The absorption of

the gas ions by the slow surface states establishes an u n 
stable condition with the outer surface of the oxide layer
charged and with the inner surface of the oxide layer neu
tral.

To adjust for this unstable condition holes or elec

trons, depending on the polarity of the absorbed ions, must
be brought to the surface of the germanium.

If the absorbed

ions are negative, holes will be attracted to the germanium
surface.

On the other hand, if the absorbed ions are posi

tive, electrons will be attracted to the germanium surface.
As an example, take the case where an oxide layer is
formed on p-type germanium as shown in Figure 6a.

Let the

oxide layer be exposed to ozone so that the slow surface
states absorb negative charge.

To balance this negative

charge in the slow surface states, holes will be attracted
to the surface of the germanium.

Now, with more holes at

the surface than in the bulk of the germanium, the energy

13

Negative charge
in slow surface
states

Ec

Ef
Err

Q

Q

Q

0

-f* 4* 4- -f ■+•■+•■+ -+4-J■*\

-Space charge region
(b)

Positive charge
in slow surface
states

FIGURE 6 . a) p-type germanium with no surface charge
b) p-type germanium with p-type surface,
enhancement layer
c) p-type germanium with n-type surface,
inversion layer

bands must be bent up at the surface to produce the extra
holes.

The foregoing results are depicted in Figure 6b.

Figure 6b shows p-type germanium with a p-type surface, the
surface layer being referred to as an enhancement layer,
just as an n-type surface on n-type germanium is an enhance
ment surface.

If the oxide layer had been exposed to water

vapor the slow surface states would contain positive charge
and electrons would be attracted to the surface of the ger
manium.

Excess electrons at the surface require that the

energy bands be bent down.

This condition is shown in Fig

ure 6c where we have p-type germanium with an n-type surface,
the surface layer being referred to as an inversion layer.
If an electric field is applied perpendicular to the
surface of the germanium the energy bands must be modified
so that the net charge (charge in the bulk plus the charge
in the surface states) is of proper sign and magnitude to
terminate the field.
As can be seen in Figure 6b and 6c, a space charge
layer consisting of holes and electrons respectively is
formed at the surface of the germanium.

The space charge
—6

layer in either case will extend from 10 **
the bulk of the germanium^.

to 10

-if

cm into

It is this space charge layer

that accounts for the change in surface conductivity.
D.

CONDUCTIVITY MODULATION
1.

Master curve The field-effect experiment has proven

to be a very useful tool in studying the surface properties
Q
of semiconductors
If a semiconductor is made to be

15

one plate of a parallel plate capacitor, the electric field
resulting from a voltage applied to the capacitor will in
duce a charge on the surface of the semiconductor.

If the

induced charge is composed of free carriers, a change in the
conductance of the semiconductor will accompany a change in
the applied voltage.

A plot of the change in conductance

versus charge is shown in Figure 7.

Here A G

is the change

FIGURE 7. Master curve
in conductance of the semiconductor per square of surface
and Q is the charge per unit area of surface.

Figure 7 is

referred to in the literature as the master curve of the
field-effect experiment.

The master curve takes the shape

of a shifted parabola, but will be shown as a symmetrical

7
parabola .

The shifting of the master curve from the origin

is the result of different impurity concentrations in the
semiconductor.

Representing the master curve as a

16

symmetrical parabola centered at the origin will not affect
the results derived from it, since only the general shape of
the master curve is important to the discussion that follows.
The general shape of the master curve of Figure 7 can
be explained in the following manner.

Let the semiconductor

sample either be enclosed in a container where the atmos
phere can be controlled or be one plate of a capacitor where
the applied voltage can be varied.

As a positive charge is

induced on the surface, by either method, electrons will be
attracted to the surface, increasing the surface conductance
as shown at B in Figure 7.
face give a n-type surface.

Electrons attracted to the sur
If, on the other hand, a nega

tive charge is induced on the surface, holes will be at
tracted to the surface which also increases the surface
conductance as shown at A in Figure 7.

Holes attracted to

the surface give a p-type surface.

It is possible to display the master curve on an oscil
loscope by using the circuit shown in Figure 8.

The semi

conductor is made one plate of a parallel plate capacitor
and is housed in a container where the atmosphere can be
controlled.

The field voltage is an alternating source.

The

field voltage, which is proportional to the induced charge,
Q, is applied to the horizontal axis of the oscilloscope
while the voltage across R, which is proportional to the
change in conductance,A G , of the semiconductor, is applied
to the vertical axis of the oscilloscope.

Due to the large

field necessary to go from a p-type surface to an n-type
surface, the complete master curve cannot be displayed at one

17

time.

The induced charge is limited by the field voltage

and the maximum field voltage is limited by the dielectric
material.

In order to obtain the complete master curve the

atmospheric condition surrounding the semiconductor is
varied.

By letting the surface absorb different gases, the

germanium surface may be made either n-type or p-type.

For

example, if the surface is made p-type by applying ozone to
the semiconductor container, the left hand side of the
master curve will be displayed by varying the field voltage.
If the ozone atmosphere is changed to a water vapor atmos
phere, the semiconductor surface will shift from p-type to

FIGURE 8. Circuit for obtaining the master curve
n-type and the right hand side of the master curve will be
displayed by varying the field voltage.

If photographs are

taken of the various oscilloscope traces the complete master
curve can be constructed.

18
2
The slope of the master curve has the dimension of cm /
volt-second which is the dimension of carrier mobility and
is defined as the field-effect mobility.

The field-effect

mobility is given as
A G

dQ.

At the upper extremes of the master curve the field-effect
mobility gives the average mobility of the carriers attracted
to the surface of the semiconductor.

Due to the surface

traps, the mobility of carriers at the surface is generally
less than the mobility of carriers in the body of the semi
conductor.

The field-effect mobility as observed from the

master curve is negative on the p side and positive on the n
side.
2.

Conductivity

The conductivity for a sample of semi

conductor material is

o- 6 +

awhere

and

are the conductivities of the bulk and sur

face of the semiconductor respectively.

The bulk conductance

is given by

0-6 = e ( n

M u+ P M ? )

where e is the electronic charge, N and P are the concen
trations of electrons and holes,
and hole mobilities.

and M p are the electron

The surface conductance is given by

C7-S - e ( a

ps a

p *)

19

where Ng and Ps are the electron and hole concentrations at
the surface

and

are the electron and hole surface

mobilities.
In order to change the conductivity of a semiconductor,
it is necessary to change either the hole and electron con
centrations or the hole and electron mobilities or both.
For the bulk material, the mobility and concentration of
carriers are constant for a given impurity concentration and
temperature.

At the surface of the semiconductor, however,

a different situation exists.

Here the carrier concentra

tion, as well as the carrier mobility, can be varied.

The

surface carrier concentration can be varied as discussed in
the fjeld-effect experiment.

The surface mobility, defined

as the slope of the master curve, varies for different points
on the master curve.

For the purpose of this report only

the sign of the surface mobility will be of importance.
Changes in magnitude of the surface mobility can be neglected
for the following reasons.

The slope of the master curve is

very small and nearly constant near the minimum.

Therefore,

the surface mobility will be small and will change very little.
At the upper extremes of the master curve the carrier concen
tration is changing more rapidly than the surface mobility,
thus, very little error is introduced in neglecting surface
mobility changes^.
3.

Conductivity modulation

Looking once more at the

master curve of the field-effect experiment, which has been
reproduced in Figure 9, the following observations concer
ning the conductivity modulation can be made.

In Figure 9a,

20

FIGURE 9. Conductivity modulation
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with an n-type surface on the germanium, the conductivity
modulation is in phase with the applied voltage.

As the

applied voltage goes positive, more electrons are attracted
to the surface, thus, increasing the conductivity.

When the

applied voltage goes negative, electrons are forced away
from the surface, thus, decreasing the conductivity.

How

ever, if the surface is p-type, the master curve has a neg
ative slope as seen in Figure lib.

The conductivity modu

lation will then be 180 degrees out of phase with the ap
plied voltage.

That is when the applied voltage goes posi

tive, holes are forced away from the surface, thus, de
creasing the conductivity.

When the applied voltage goes

negative, holes are attracted to the surface, causing the
conductivity to increase.
Figure 11c shows a somewhat different situation.

Here

the applied signal is biased at the minimum of the master
curve.

As the applied voltage goes positive electrons are

attracted to the surface, and as the applied voltage goes
negative holes are attracted to the surface.
the conductivity will increase.

In both cases

Here we have a frequency

doubling effect which is somewhat analogous to the output of
a full-wave rectifier.

Also, the change in conductance is

much smaller near the minimum because of the much smaller
field-effect mobility.
*+. High frequency relaxation processes

The discussion

thus far has assumed that the frequency of the field voltage
is high enough so that the slow surface states could not
follow it and low enough so that the fast surface states are

22

always filled.

If the frequency of the applied voltage is

low enough (below 1 cycle/second) carriers attracted to the
surface are trapped in the slow surface states.

The applied

electrical field is terminated on the charge in the slow
states, therefore, it will not affect the space charge
density.

At frequencies above 50 cycles/second the slow

states do not affect the space charge density.
As the frequency of the applied voltage is increased,
several different results can be observed, depending upon
the type of surface on the semiconductor.

For example,

assume that a sample of n-type semiconductor material has an
n-type surface layer.

The free carriers in the space charge

layer are electrons, or the majority carrier for the bulk
material.

As the frequency of the applied signal is in

creased, electrons that are injected into the surface or
extracted from the surface, must come from the bulk material.
In order to preserve space charge neutrality in the bulk,
electrons must enter or leave the bulk by way of the con
tacts .
All of the charge attracted to the surface of the semi
conductor does not add to the surface conductance.

Some of

this charge will be trapped in the fast surface states.
Since the relaxation times for the fast states are in the
order of 10”^ seconds, it would seem that a noticeable change
in the magnitude of the surface conductance should appear at
frequencies around 1 megacycle.

Changes in surface conduc

tivity have been observed for frequencies up to 50 megacycles
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with the magnitude of the conductivity making a noticeable
change for frequencies above 1 megacycle^.

The upper fre

quency response of the field-effect experiment appears to be
limited by the bulk carrier mobility.
Assume now that the sample of n-type semiconductor mat
erial just discussed has an inversion layer at the surface.
The free carriers in the space charge layer are now holes.
Holes are the minority carriers for the bulk material.

Holes

that are injected into or extracted from the surface must
come from the bulk material.

The only way that the hole con

centration can be varied in the bulk of the semiconductor is
by the thermal generation-recombination process.

The gener

ation-recombination process determines the lifetime, 'Y , of
the minority carriers.

From this it would appear that the

holes in the space charge layer would become ineffective for
changing the surface conductance at frequencies above //q- .
Since the minority carriers are not able to change the space
charge layer, the majority carriers must take on the task.
Consider a positive going signal for the following frequen
cies.

For frequencies below \/'y , holes will be forced from

the surface, decreasing the surface conductance.

For fre

quencies above i/r, the holes cannot change so electrons
will be attracted to the surface, increasing the surface
conductance.

This shows that there should be a phase inver

sion for the surface conductance at a frequency of \/'y •

A

change in the sign of the field-effect mobility has been ob
served at frequencies corresponding to the sample lifetime,
— 10

\

•

2*+

CHAPTER IV
INFRARED ABSORPTION IN GERMANIUM
When electromagnetic radiation of proper wavelength
falls on the surface of a semiconductor, the energy of the
radiation will be transferred
conductor.

to the

If the wavelength of the

electrons of the semi
radiation is short

enough the energy transferred

to the

ficient to transfer electrons

from the valence band to the

conduction band.

electrons may be suf

Electrons that are transferred to the

conduction band leave holes in the valence band, or holeelectron pairs are formed.

The minimum energy necessary to

excite an electron into the conduction band is equal to the
energy of the forbidden gap.

For germanium the forbidden

gap width is approximately 0.7 electron volts.
As the frequency of the electromagnetic radiation Is
varied the energy of the radiation will vary according to
Einstein's relationship E=hf.

Here E is the energy of the

radiation, h is Planck's constant, and f is the frequency
of the radiation.

From Einstein's relationship, the maximum

wavelength of electromagnetic radiation that will create
hole-electron pairs for germanium is 1.8 x 10”^ meters, or
1.8 microns.

1.8 microns is in the infrared region of the

optical spectrum.

Since the energy of radiation for wave

lengths longer than 1.8 microns is insufficient for creating
hole-electron pairs, germanium is relatively transparent In
this region of the infrared spectrum.

There is, however, a
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small amount of infrared absorption in germanium for wave
lengths up to 2 microns which is considered to be of thermal
origin.

That is, an electron can be raised to the conduc

tion band by receiving part infrared energy and part thermal
energy.

A plot of absorption versus wavelength is shown in

Figure lO1^.

FIGURE 10. Radiation absorption versus wavelength for
germanium
For wavelengths longer than 2 microns there is infrared
absorption due to the presence of free carriers within the
semiconductor^.

Free carriers in an electrical resistive
17
medium will absorb and reflect electromagnetic radiation .
Reflection by free carriers can be neglected since the absorption is 10 5 times greater 5.

The free carrier absorption

beyond 2 microns is small and is proportional to the number
of free carriers in the path of the radiation .

Free carrier
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absorption is present at shorter wavelengths but it is much
smaller than the fundamental absorption.
Neglecting any absorption in the body, or at the sur
face, of the semiconductor prism of Figure 1 1 , the infrared
energy, I

(which is of wavelength above the fundamental

absorption edge) transmitted through the prism is ID R.
Here I

is the incident infrared radiation and R is the

reflectivity of the germanium surface.

To account for the

FIGURE 11. Infrared radiation internally reflected from
a germanium surface
absorption of energy due to free carriers generated therma
lly and due to impurities or imperfections of the crystal
lattice, the transmitted energy must be attenuated by the
A
factor
. Here,
is the average background absorption
coefficient and ci is the distance traveled by the infrared
radiation in passing through the absorbing medium.

Thus, the

transmitted energy is now
I

Tl

Cl)

If excess free carriers are injected or extracted from the
path of the incident radiation, the transmitted energy will
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making the trans-

be further attenuated by the factor £
mitted energy equal to

(2)

where k is proportional to the number of excess free carri
ers in the path of the radiation and is given by

(kP

.

<3)

Kp and Kn are the hole and electron capture cross sections
respectively.

In Equation (2), x is the distance traveled

by the infrared energy in passing through the space charge
region.
To find the change in the transmitted radiation, A I ,
when free carriers are injected or extracted from the path
of the radiation, Equation (1) is subtracted from Equation
(2 ) giving
A x - x T a - T Tl = I 0 R

0 -

«■■***) #

Remembering that
-b*

G

-

I- h* *

<V13

2*.

3!

then
a t

=

I. A

If It can be assumed that
k*

<.<

\

t

+

>
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then

AX - x 0 R

(fex)

(it)

Equation (b) gives rise to an amplitude modulation of the
infrared radiation.

The change in amplitude of the trans

mitted energy,AX? is directly proportional to k, which in
turn is proportional to the number of excess free carriers.
By injecting and extracting free carriers from the path of
the incident infrared radiation, it is possible to transmit
varying amounts of infrared radiation through the semi
conductor medium.
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CHAPTER V
EXPERIMENTAL PROCEDURE AND RESULTS
A.

EXPERIMENTAL PROCEDURE
Free carriers may be injected or extracted from a semi

conductor by various methods.

The field-effect technique

was used in this experiment to inject and extract free
carriers from the surface of a germanium prism.

Infrared

energy was then internally reflected frcm the surface of the
germanium prism causing it to pass twice through the space
charge region as shown in Figure 12.

FIGURE 12. Basic infrared modulator
On the average, the space charge layer has a depth of
10

cm as shown in Figure 12.

The infrared radiation will

transverse the space charge region twice, making the distance
x in Equation *+ equal to
X =

~

Coo H S

3 * lo- 5 " c~v-v
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Also, for germanium the electron and hole capture cross sec-16
2
tions Kn and Kp, of Equation 3 5 are . 1 3 x 10”
cm and 1.5
16
2
x 10
cm respectively at a wavelength of 3 »1+ microns.
The capture cross sections vary little for the frequency
range from 2 to 5 microns , and are considered to be constant
in this range. The number of carriers per unit area of sur^
1*+
-2 7
face rarely exceeds 10
cm
. Substituting these values
into Equation 3? the largest that k can be is 1.5 x 10

-2

•

With this value for k and the value for x found above, the
assumption that k

\ is valid.

Thus, the change in trans

mitted radiation as given by Equation *+ is
A 1

= R I .

(V)

The change in radiation, A I, is proportional to x.
Where x is the distance traveled by the infrared radiation
in passing through the space charge layer.

By increasing x,

more infrared absorption will occur, making A I larger and
easier to detect.

In this experiment x was increased by

increasing the number of internal reflections.

By making

the prism longer several internal reflections exist as shown
in Figure 1 3 .

The prism used in this experiment was cut

from single crystal, p-type germanium to a size of 1 . 9 9
Inches long, 0.5 inches wide, and 0.2 inches thick, with the
ends cut at ^5° angles.

By placing capacitor plates on both

sides of the prism, as shown in Figure 13, a space charge
layer is established on two surfaces.

As the infrared en

ergy is now passed through the prism it is internally
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reflected nine times, each time passing twice through a
space charge layer.

FIGURE 1 3 . Modulator arrangement used in the experiment

A picture of the germanium prism and the prism holder
are shown in Figure 15.

Contact to the germanium was made

by soldering directly to two edges of the germanium with a
special solder.

The spot on the edge of the germanium prism

in Figure 15 is one of the solder contacts.

Contact to the

solder was then made through one of the screws in the side
of the prism holder.
Figure lb shows the germanium prism mounted in the
prism holder.

The upper field plate has been removed and is

shown to the right of the prism holder.
were made from a sheet of polished brass.

The field plates
The germanium

prism was seperated from the field plates by a 0 . 2 5 mil
thick Mylar strip.

Mylar has a dielectric constant of 3.0

and can withstand an electric field of 7000 volts/mil.

The

capacitance between the two field plates and the germanium
prism was measured and found to be approximately 2 5 0 >»p-f at
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FIGURE Ik, Germanium prism mounted in the prism holder

The

upper field plate is shown to the right of the prism holder.

FIGURE 15* Germanium p rism and p rism h o ld e r
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a frequency of 1,000 cps.
The signal between the germanium and the field plates
could be taken from either a variable frequency oscillator
or a variable frequency square wave generator.

The output

voltage of both sources was variable with a maximum of 150
volts peak to peak;.
The germanium prism and field plates were mounted in a
container, shown in Figure 17, so that various gases could
be applied to the surface of the germanium.

Oxygen was

bubbled through a water column to create a water vapor at
mosphere.

Ozone was generated by passing the oxygen through

an electric spark.
The infrared source was a ribbon shaped, tungsten fila
ment lamp.

Tungsten emits energy throughout the infrared

spectrum with maximum energy being emitted at 1 micron.

The

tungsten lamp could be operated from a 60 cycle A.C. source
or a D . C . source.

Energy from the lamp was focused through

a lens system on one end of the germanium prism.

The tungs

ten lamp and lens system are shown in Figure 17.
To detect the energy emitted from the prism and indiumantimonide, photo voltaic infrared detector was used.

The

detector has a linear spectral responce from 1 to 5-5 mic
rons, and a rise-time of less than one micro second.

Liquid

nitrogen was used to decrease the noise generated thermally
in the detector.

The signal from the detector was amplified

and then applied to one trace of a dual trace oscilloscope.
T o observe phase and amplitude changes between the field

3^

FIGURE 16. Experimental set up

FIGURE 1 7 . L i g h t s o u r c e and m o d u lato r e n c lo s u r e
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voltage and the detector signal the field voltage was applied
to the second trace of the oscilloscope.
In order to transmit infrared energy into a semicon
ductor medium, it is necessary to have a polished or etched
surface on the semiconductor.
the infrared energy.

A rough surface will scatter

The surfaces where the space charge

layer is established must also be polished and etched so
that a uniform oxide layer can be formed.

To obtain the

necessary surfaces the germanium prism was mechanically pol
ished on all critical surfaces.

In the final polishing step

.25 micron diamond dust was used as an abrasive.

The mechan

ically polished prism was then etched for 15 seconds in a
standard CP1*- solution.

Fifteen seconds is just long enough

to remove the damaged surface layer without damaging the
26
optical finish .
The complete experimental set up is shown in Figure 16.
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B

EXPERIMENTAL RESULTS
The results to be discussed here are the results of

experiments performed by the author at the U. S. Naval Ord
nance Testing Station, China Lake, California and continued
in the Electrical Engineering Department at the School of
Mines and Metallurgy of the University of Missouri.

The

pictures shown are reproductions of actual photographs taken.
Modulation of infrared energy has been observed by in
ternally reflecting the infrared energy from a germanium
surface where the conductivity of the surface is being modu
lated.

The observed results suggest that the infrared modu

lation is due to a changing space charge layer on the inner
surface of the germanium.
Figure 18 shows the results of one experimental run.
In Figure 18 the upper trace is the signal from the photo
cell and the lower trace is the voltage applied to the field
plates.

The field signal has an amplitude of 150 volts and

a frequency of 200 cycles per second.

The output of the pho

to cell is in phase with the infrared radiation falling on
it.

But, it must be recalled that an increase in excess

free carriers at the surface results in more absorption and
less transmission of infrared.

The conductivity modulation

and infrared modulation are therefore 180 degrees out of
phase.
The germanium surface was subjected to various gas at
mospheres to shift the operating point along the master curve*
Even though there was a close fit between the germanium

37

a) A p-type surface showing a linear in-phase modulation

b) A surface near the minimum on the p-side of the master
curve

The positive voltage peaks are pushing the surface

around the minimum of the master curve to the n-side.
FIGURE 18. Field-effect modulation for various surface con
ditions.

The upper trace is the output of the photo cell,

while the lower trace is the field voltage.
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c) A surface near the minimum on the n-side of the master
curve.

The negative voltage peaks are pushing the sur

face around the minimum of the master curve to the p-side.
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d) An n-type surface showing a linear modulation 180 degrees
out-of-phase with the field voltage

FIGURE 18 c o n tin u e d
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surface and the dielectric material, the surface responded
very well to the gas.
The germanium prism was first exposed to ozone.

The

ozone established a p-type inversion layer on the surface of
the n-type germanium.

Then the field voltage was applied.

When the applied field voltage is positive,holes are forced
away from the surface decreasing the conductivity and in
creasing the transmitted infrared.

A negative Voltage will

attract more holes to the surface,increasing the conductivity
and decreasing the transmitted infrared.

The infrared modu»

lation is linear and in phase with the applied field voltage
as shown in Figure 18a.

The conductivity modulation is out

of phase with the applied field voltage as shown in Figure
9b.
The operating point will gradually shift toward the
minimum of the master curve with the removal of the ozone.
The time for this shift depends upon the initial surface
treatment.

For a CP1* surface treatment the surface would

return to its initial condition in ^ to 5 minutes after the
removal of the ozone.

As the operating point approaches the

minimum of the master curve, the positive peaks of the field
voltage will drive the surface to the n-side.

On the n-side

of the master curve a positive voltage will increase the
conductance while on the p-side a positive voltage decreases
the conductance.

In Figure 18b the operating point is just

to the left of the minimum, with the positive voltages
driving the surface to the n-side.

As the operating point

Wo

approaches the minimum of the master curve the modulating
signal is distorted and decreases in amplitude.
Water vapor was applied to the germanium surface to
shift the operating point to the n-side of the master curve.
Figure 18c shows the operating point just to the right of
the minimum with the negative peaks driving the surface back
to the p-side.

Figure l8d shows the modulating signal com

pletely on the n-side of the master curve.

On the n-side

the infrared modulation is again linear, but out-of-phase
with the applied signal.
An attempt was made to increase the frequency of the
field voltage beyond 200 cps.

The modulated signal followed

the field voltage without any change up to a frequency of
1000 cycles per second.

For frequencies above 1000 cycles

per second the modulated signal would decrease in amplitude
and was very difficult to detect at 10,000 cycles per second.
A lagging phase-shift accompanied the decrease in amplitude
for frequencies above 1000 cycles per second.
To further the high frequency investigation, the surface
conductance was square wave modulated.

A 200 cycle per sec

ond square wave was applied to the field plates as shown in
Figure 19.

Figure 19a shows the germanium with a p-type

surface which gives in-phase infrared modulation.

The rise

time of the modulated signal is observed to be 1 millisecond.
Figure 19b shows the germanium with an n-type surface which
gives out-of phase-modulation.

The rise-time of the modu

lated signal for the out-of-phase modulation is also 1 milli
second.

The lifetime of the minority carriers in the

hi

a) A p-type surface showing in-phase modulation

The rise

time of the modulated signal is 1 millisecond.

b) An n-type surface showing a modulated signal 180 degrees
out-of-phase with the applied field voltage.

The rise-

time of the modulated signal is 1 millisecond.

FIGU RE 1 9 . Sq u a re w ave m o d u la tio n o f th e

s u r f a c e c o n d u c ta n c e

germanium used is about 1 millisecond.
The 1 millisecond rise-time is expected for the ger
manium with an inversion layer, but is not expected for the
germanium with an enhancement layer on the surface.

Minority

carriers are required to establish an inversion layer on the
surface and can only be supplied by the thermal generation
process.

Therefore, if a field is applied that requires the

minority carriers to vary faster than the sample lifetime,
the minority carriers can no longer change the space charge
density.

Just the opposite should be the case for a semi

conductor with an enhancement layer.

Majority carriers es

tablish an enhancement layer and should readily move to and
from the surface of the germanium for very high frequencies.
Since the observed results for the sample with an in
version layer did not conform to the expected theoretical
results it was decided that something else must be restrict
ing the flow of free carriers to and from the surface.

First

it was thought that there were more fast surface states than
predicted, which trapped the free carriers and immobilized
them.

Various types of surface etches were used to reduce

the number of surface traps.

No noticeable change in the

signal was observed for the various surface etches tried.
Since the different surface treatments did not affect
the rise-time, it was thought next, that the contacts were
limiting the rise-time by restricting the flow of carriers
into and out of the semiconductor.

To preserve space charge

neutrality in the bulk, carriers attracted to the surface

from the bulk of the material must be supplied through the
ohmic contacts.

If the contacts are not ohmic they will

restrict the flow of carriers into and out of the semicon
ductor.

To test the contacts to see if they were restrict

ing the flow of carriers a small signal was applied across
the contacts.

Then the infrared energy was passed through

the prism and detected (just as for the field-effect modu
lation).

Contact modulation of the carriers was indeed

observed as shown in Figure 20.
Figure 20a shows the results of a sine wave applied to
the contacts.

The upper trace is the applied signal, while

the lower trace is the photo cell output.

The photo cell

output shows very clearly that the contacts are not ohmic,
but have a rectifing action.

The contact modulation is in

phase with the voltage across the contacts, as is expected.
To observe the rise-time of the contact modulation a square
wave signal was again used.

Figure 20b shows that the rise

time of the contact modulation is one millisecond, the same
as the rise-time for the field-effect modulation.
Contact to the germanium was first made by painting the
germanium with conducting paint and then pressing copper
leads into the paint.
rise-time.

This type contact gave a 1 millisecond

By changing from the conducting paint type con

tact to a solder type contact, the rise-time was improved.
An a n timony doped solder was used,
germanium.
millisecond.

soldering d i r e c t l y to the

T h e rise-tim e for the solder type contact was

.5

A t h o r o u g h in v e s t i g a t i o n of the contact p r o b l e m

is yet to be conducted.

a) Sine wave contact modulation

Notice the rectifying action.

b) Square wave contact modulation
1 millisecond.

FIGURE 20. Contact modulation

The rise-time is

The upper trace shows the

voltage across the contacts while the lower trace shows the
output of the photo cell.
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CONCLUSIONS
The experimental results suggest that the observed in
frared modulation is the result of free carrier absorption
at the inner surface of the semiconductor.

In-phase and out-

of-phase infrared modulation is in agreement with expected
results derived from the conductivity modulation theory.
Although the experimental results were not entirely satis
factory at higher frequencies, they do indicate that the
field-effect properties of semiconductors can be used to
modulate infrared radiation.
The possibility of a light-communication system came
into being with the advent of the laser.

Using the laser as

a carrier presents many problems, one of which is modulating
it at very high frequencies.

Several devices and techniques

have been used to modulate lasers, the most promising are
the devices using electro-optic effects such as the device
presented here.
Internal reflection of infrared radiation from a semi
conductor surface presents a very useful method for investi
gating surface properties of semiconductors.

The study of

the surface properties of semiconductors has been chiefly by
conductivity measurements.

The results presented here verify

the low frequency conductivity measurements.
Another aspect of the infrared modulation by conduc
tivity modulation, is the interesting and new tool it presents
in investigating semiconductor junctions and contacts.

At

present the only feasible way to test semiconductor junctions

and contacts is to make external voltage and current measure
ments.

By transmitting infrared energy through the semicon

ductor meduim, a third parameter, charge density, can be
determined.

More information about a semiconductor junction

can be obtained from a charge density versus current plot,
than from a voltage versus current plot.
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